High tunability mixed order photonic crystal
Enkh-Amgalan Dorjgotov, 1,a͒ We propose a design for high tunability one-dimensional photonic-crystal which consists of alternating layers of isotropic material and liquid crystal layers. Numerical models confirm the tunability over the visible region ranging from 480 to 560 nm for a mixed order device using a material birefringence of 0.3, and to 620 nm if a birefringence of 0.6 is allowed. Modeled devices having active layers with m / 4 and passive layers with n / 4 thickness for the case of m and n odd integers are presented. The advantage of m Ͼ n is shown to be greater tunability for a given free spectral range. © 2010 American Institute of Physics. ͓doi:10.1063/1.3368125͔
Photonic crystals ͑PCs͒ which are characterized by periodically structured dielectric material that can control the wavelength of reflected light have applications in lasers, 1, 2 optical fibers, 3, 4 and telecommunications. 5 Spatially periodic liquid crystalline structures such as cholesteric liquid crystal ͑LC͒, 6 volume holographic polymer dispersed LC ͑H-PDLC͒ grating, 7 and colloidal crystals with LC cavities 8 are examples of naturally tunable PCs. One-dimensional ͑1D͒ PC based on H-PDLC in which alternating layers of polymer and LC rich regions result in Bragg's reflection has been considered for reflective display applications. 9, 10 In addition, theoretical model of 1D PC consisting of alternating layers of LC and dielectric materials has been proposed for applications in tunable optical filters and switches. 11 In practice H-PDLCs can be formed in a simple, single step recording using coherent interference of laser radiation within a mixture containing photoreactive monomer, initiator, and LC. 12 These spatially periodic gratings of nanoscale sized LC domains can be formed on grating length scales ranging from 100 nm to microns. 12 However, the tunability of these devices are limited by the birefringence of the LC material and as a result applications requiring broad tunability such as display devices require unusually high birefringence LC material which is not existent. Thus new ways to increase the tuning range of these devices would have practical significance not only for display applications but also for telecommunication applications in the near infrared region.
In a periodic modulation of high and low index dielectric materials with average index, n ave , and period of the modulation, P, the interference condition for reflectance maximum is satisfied at the fundamental frequency corresponding to the wavelength at which the optical thicknesses of the dielectric layers are quarter-wave ͑ / 4͒ thick. The optical stop bands of a quarter-wave stack and the spatial distribution of the refractive index profile are Fourier transform pair. 13, 14 Using Bragg condition of a reflection peak for normally incident light =2n ave P, tuning range of a simple quarter-wave stack of birefringent and isotropic dielectric layers can be calculated. 15 Suppose layer one is passive thus n 1 is constant whereas layer two is active so that n 2 switches between n o and n e , then in one state n ave = ͑n 1 + n o ͒ / 2, and in the other state n ave = ͑n 1 + n e ͒ / 2. In this case the tuning range is ⌬ / = ⌬n / ͑n 1 + n o ͒ where ⌬n = n e − n o . Wavelength tunable 1D H-PDLC consisting of polymer material with index ϳ1.55 and LC with ⌬n ϳ 0.3 ͑n o ϳ 1.52, n e ϳ 1.79͒ has been experimentally demonstrated to have tuning range ϳ12 nm. 16 In this paper the authors have noted that the LC rich region switched only between indices 1.52 and 1.62 due to the LC polymer droplet structure and further stated that the tuning range can be increased to 40 nm if the droplets switched between the intrinsic indices of the LC. On the other hand Kato et al. 17 have demonstrated that by choosing LC polymer host and proper surface treatment, polymer layers can be formed periodically in a homogeneously aligned LC. In this case the reflection is polarization dependent but that the LC regions switch fully between the intrinsic indices of the material.
In this letter we propose a design for a 1D PC with increased tunability that consists of alternating layers of LC and isotropic layers. LC layers can be pure LC within dielectric cavity or polymer droplets as in H-PDLC devices whereas isotropic layers can be dielectric material or polymer layers. Previously, similar reflective 1D PC devices proposed in the literature had same order birefringent and isotropic layers. 11, 16 However, by changing the order of the LC layer in comparison to the isotropic layer we show that it is possible to maximize the tunability for the peak reflection wavelength with the switching of LC index. In order to focus on the main design points for our device we modeled the LC layers simply as active layers with variable refractive indices rather than simulating complicated LC director structure. Although we assumed that the active layers switch between the intrinsic indices of the LC material, we note that the same principle for increased tunability can be applied for H-PDLC devices in which case the effective birefringence in our model is simply reduced. Berreman's 4 ϫ 4 matrix method 18, 19 which is a direct solve of Maxwell's equation in 1D was employed in calculating the reflection characteristics. In the calculation we ignored the effects of front reflection from the glass substrates and normalized the reflectance by the total incident polarized light.
For a mixed order PC where the order and the wavelength at which the LC and the isotropic layers are tuned differently, the wavelength at which reflection maximum occurs can be approximated as follows. integers and LC are i are wavelengths at which the LC and isotropic layers are tuned. Then the wavelength at which reflectance is maximum can be calculated as
We will consider the case where the isotropic layer index is similar to the ordinary index of the LC. In this case we have the field on state, or the ordinary mode of the LC, corresponding to the low reflectance state; and the field off state, the extraordinary mode, to the high reflectance state. As the LC index switches from ordinary to extraordinary mode, the optical thickness of the LC layers increases and the reflection peak tunes toward the longer wavelength region. At the same time reflection amplitude and bandwidth simultaneously increase as a result of increased mismatch in the indices of LC and isotropic layers. These factors cause the reflection to be much higher in the red wavelength region and as a result it is preferable to tune the passive or the isotropic layers to be reflective in the blue wavelength region in order to have a balanced reflection amplitude across the tunable spectrum.
To show the advantage of a mixed order device where l m, we will consider the case where n i Ϸ n o Ͻ n e . Then from Eq. ͑1͒, the minimum and maximum values of the reflected wavelength are given by 0 min = ͑l i + m LC-O ͒ / ͑l + m͒, and 0 max = ͑l i + m LC-E ͒ / ͑l + m͒ where LC-O are LC-E are wavelengths at which the ordinary and extraordinary LC indices are tuned. For clarity of argument, further assuming that isotropic layer index is equal to the ordinary LC index, we can write the ratio of the maximum to minimum reflected wavelength as 0
From this relation we can see that the tuning range is increased when m is greater than l. For example, for the case of l =1; m = 3, tuning range is about 1.5 times the case of l =1; m = 1. Therefore, a significant improvement in the tuning range is expected for the case of a mixed order device.
As a specific example, we consider the case where the isotropic layer index is n 1 = 1.5 and is constant while the LC index, n 2 , switches between n o = 1.6 ͑ordinary state͒, and n e ͑extraordinary state͒; and find the required value of n e that will allow for a tuning range from 480 to 620 nm. In the ordinary state we then want the reflectance peak to be at 480 nm so that ͑l i + m LC-O ͒ / ͑l + m͒ϳ480 and we would like the extraordinary state reflectance peak to be tuned to 620 nm so that ͑l i + mЈ LC-E ͒ / ͑l + mЈ͒ϳ620. Here, l is the quarter-wave order of the isotropic layer, whereas m and mЈ are those of the ordinary and extraordinary LC states. The limited birefringence of the modeled LC keeps the order of ordinary and extraordinary states the same which means that m = mЈ. We will first assume that l = 1, and consider the effect of the value of m on the required change in the value of n e to achieve our desired tuning range. Then, in the ordinary state ͑480+ m LC-O ͒ / ͑1+m͒ϳ480 and in the extraordinary state ͑480+ m LC-E ͒ / ͑1+m͒ϳ620. From these two relations one can calculate the LC-O and LC-E for given LC quarter-wave order, m, and subsequently determine the LC layer thickness and the required extraordinary index. For example, if LC layer order is one so that m = 1, then LC-O = 480 and LC-E = 760 and the LC layer thickness can be found from the relation n o d / 480= m / 4 ͑where n o = 1.6, m =1͒ to be ϳ75 nm. At this thickness the extraordinary index required to tune the reflection peak to 620 nm is calculated using similar relation n e d / 760= m / 4 ͑where d = 75, m =1͒ and is found to be 2.53. As the LC layer thickness is increased to third and fifth order ͑m = 3 and m =5͒ the required extraordinary index to tune the reflection peak to 620 nm is reduced to 2.23 and 2.16, respectively. We also modeled the case where the isotropic layers are third order ͑l =3͒ so that in the ordinary state ͑1440+ m LC-O ͒ / ͑3+m͒ϳ480 and in the extraordinary state ͑1440+ m LC-E ͒ / ͑3+m͒ϳ620. In this case when m = 3 the required extraordinary index is ϳ2.53 whereas when m =5 it drops to ϳ2.35.
To verify these approximate results, we have preformed a more detailed numerical calculation of some example PCs. Here we consider the device to be a stack of dielectric layers and calculate the reflectance spectrum using the Berreman's 4 ϫ 4 method which accurately takes into account the phase shifts at the layer boundaries. We have assumed that the dielectric indices are constant, and that the layers are attached to outer substrates with an index of 1.52͑n s = 1.52͒. In the figures below the value of 1 is defined as total incident polarized light intensity d LC and d i are the physical thicknesses of LC and isotropic layers, respectively. Figure 1 illustrates the reflectance spectrums of tunable mixed order device designs where the isotropic layer order is fixed at 1 and the LC layer order is varied from 1 to 5. It can be seen that the best result for tunability is achieved when the order of the LC layers is 5. In this case the required LC birefringence to tune the reflectance peak from 480 to 620 nm region is ϳ0.6. On the contrary in order to achieve the same tunability as the fifth order LC grating, first order LC grating requires birefringence ϳ1, and the third order LC grating requires birefringence ϳ0.7. However, it is important to note that when the order increases, the free spectral range shortens and the higher order peaks appear in the tuning region which limits the extent to which a higher value of m can be used for a particular application. For example, in fifth order LC grating in Fig. 1 higher order peak starts showing near 450 nm region when the LC index is 2.1.
From an applications perspective high tunability PC devices can be useful in reflective displays where single addressable element replaces the individual red, green and blue subpixels of typical displays. For example, PC similar in design to H-PDLC device in the reference paper 16 but in which the LC droplets can switch between the intrinsic values of the LC material, or to a reverse mode H-PDLC design proposed by Kato et al. 17 could have wide enough tuning range if mixed order layers and high birefringence LC material are allowed. New nematic LC mixtures with birefringence as high as 0.6 have been reported 20 which would allow for a tuning range between 480 and 620 nm as in our examples. It is conceivable to have high index isotropic layers in which case slightly different design with better spectral reflectivities than before is possible. For example, consider a device where isotropic index is 1.9 and LC index switches between 1.5 and 2.1. In this design the dark state is achieved by index matching at n LC ϳ n i ϳ 1.9. Unlike in the previous designs, reflectance cutoff near 550-600 nm region resulted in spectral red ͑n LC ϳ 2.1͒ and green ͑n LC ϳ 1.7͒ reflectivities whereas strong index mismatch gives rise to increased blue ͑n LC ϳ 1.5͒ reflectivity. In the numerical simulations squarewave profile of refractive index modulation of LC and isotropic layers gives rise to strong reflection side-lobes. In reality index mismatch at the interface of LC and isotropic layers is not so sharp and as a result side-lobes are significantly suppressed. This effect of gradual index variation combined with the sinusoidal profile is used in dielectric mirror designs to get optical transmission stop bands without harmonics and with no side lobes. 21 In conclusion, we numerically demonstrated the advantages of a mixed order 1D PC in which the tunability is significantly increased when the LC quarter-wave order is higher than the isotropic quarter-wave order. Previously LC/ polymer PC technology where the order of the polymer and LC layers were the same exhibited switching of the reflection spectrum, but only a limited degree of tunability. We have shown that with a mixed order device, the tunable range of a PC can be significantly increased. Further, to make the free spectral range as large as possible, it is desirable for the order of the isotropic layer to be one.
A fabrication method for this device could be based on the H-PDLC approach, where coherent wavefronts interfere to provide a standing wave with periodicity along the cell normal. In the previously proposed devices, standing wave causes a periodicity in the formed polymer rich layers, leaving alternating polymer rich and LC rich layers that are each about quarter of the wavelength of the coherent light source causing the standing wave. Using this technique although the resulting individual layer thicknesses are not very uniform as seen from the SEM micrograph images, the overall periodic structure is preserved and the reflectance wavelength tunability agrees well with the model predictions. 12, 16 This fabrication method has been demonstrated by Bunning and coworkers 7 and subsequently Bowley et al. 16 demonstrated wavelength tunable device using 5 m thick grating with alternating layers of quarter-wave thick LC and polymer rich regions that has maximum reflectivity at 450 nm at zero field and no reflectivity at ϳ25 V / m and high reflectivity at 438 nm at ϳ45 V / m. However, in the case where the LC layer is 3 / 4 and the polymer layer is / 4 the wavelength of the standing wave would need to be doubled by using NIR illumination, and the ratio of polymer to LC be controlled so that the resulting polymer layer thickness is about 1/8 the wavelength of the NIR illumination. We expect that the reflectivity and the required voltage will be similar to that reported by Bowley et al. 
